Conditions of growth arrest. In this study R. palustris was grown anaerobically in minimal 1 0 9 salts medium in sealed glass tubes in light until growth arrest occurred due to carbon source 1 1 0 depletion (17). Cultures were incubated post-growth arrest in the same tubes in which they were 1 1 1 grown. Nitrogen was supplied in excess as ammonium and the carbon supplied was 20 mM 1 1 2 Characterization of cell size. Upon growth arrest due to starvation for nutrients many bacteria 1 1 8 decrease their size and change from a rod-shaped to coccid form (6, (18) (19) (20) . Degradation of 1 1 9
ribosomes that accompanies growth arrest typically results in a loss of total cellular protein and 1 2 0
RNA, which likely contributes to cell shrinkage. To put our work on R. palustris into context with 1 2 1 the large body of work on starvation-survival of heterotrophic bacteria, we measured cell size 1 2 2 before and after growth arrest. As shown in Figure 2 , cells in log phase and at 6 days post-1 2 3 growth arrest do not differ appreciably in length or overall morphology. 1 2 4 1 2 5
Growth-arrested R. palustris cells do not appear to undergo cycles of death and 1 2 6 regrowth. To put the work reported here in context with another aspect of the starvation 1 2 7 literature, we note that depending on the conditions of growth arrest some bacteria, the best 1 2 8 studied of which is E. coli, undergo cycles of death and growth after entry into stationary phase 1 2 9 (1, 21) . Typically a fraction of cells survive long-term stationary phase by feeding on nutrients 1 3 0 released from dead cells. This leads to heterogeneity among cells, making it difficult to carry out 1 3 1 meaningful studies of growth-arrested bacteria at the population level. Also genetic 1 3 2 heterogeneity develops in populations of growth-arrested bacteria as there is strong selection 1 3 3 pressure for mutations that enable cannibalism (22, 23) . In previous work we reported that 1 3 4 populations of growth-arrested R. palustris cells were nearly 100% viable (17). To firmly 1 3 5 establish that cells were truly growth arrested, rather than undergoing cycles of growth and 1 3 6 death, we introduced an unstable plasmid expressing a gentamycin (Gm) resistance gene into 1 3 7 wild-type R. palustris. When Gm is absent, the percentage of growing cells that retain this 6 plasmid would be expected to decrease (24) . On the other hand, a non-growing culture would 1 3 9 be expected to retain the plasmid in Gm-free medium. When this strain (WT::pBBR Gm ) was 1 4 0 inoculated into Gm-free medium, about 60% of the cells had lost the plasmid by the time they 1 4 1 reached stationary phase. When these cells were transferred into fresh Gm-free medium and 1 4 2 successively transferred several times over a period of 20 days after reaching stationary phase, 1 4 3 the plasmid continued to be lost. In contrast, growth-arrested cells retained the plasmid over the 1 4 4 same period of time (Figure 3a ). This suggests that most or all of the cells were indeed in a non-1 4 5 growing state. However, we cannot exclude that some small percentage of the cells underwent 1 4 6 cycles of growth and death. In further support of the conclusion that growth-arrested R. palustris does not undergo major 1 4 9
cycles of growth and death, we found that non-growing cells were tolerant to the cell wall 1 5 0 synthesis inhibitor ampicillin and the DNA synthesis inhibitor nalidixic acid at concentrations that 1 5 1 prevented growth (Figure 3b and SI Figure 1 ). However, we also found that the viabilities of palustris was sensitive to Gm, an aminoglycoside antibiotic that affects protein synthesis by 1 5 6
causing mistranslation, which results in accumulation of damaged proteins. We found that over 1 5 7 99% of growth-arrested cells lost viability over a few days when treated with Gm at a final 1 5 8 concentration of 50 µg/ml (Figure 3b ). Although cells died relatively rapidly, they were not as 1 5 9 sensitive to Gm as growing cells, which died within a few hours after exposure to this antibiotic.
6 0
We noticed that the viability of growth-arrested cells exposed to Gm at 20 d post-growth arrest 1 6 1 tend to be higher than the number of viable cells at day 10 post-growth arrest (Figure 3b ). It is 1 6 2 possible that some cells developed resistance to Gm or that the Gm supplied may have become 1 6 3 degraded, allowing for a small amount of growth on debris released from dying cells. to carry out protein synthesis (44-47). These results suggest that maintenance of some level of 3 0 8 protein synthesis may be required for viability of many non-growing bacteria. From this it follows 3 0 9
that it would make sense to prioritize development of antibiotics that target protein synthesis in 3 1 0 growth-arrested cells. This will likely require understanding in detail what happens to bacterial 3 1 1 ribosomes following growth arrest. Bacterial ribosomes are known to be differentially post-3 1 2 translationally modified in stationary phase cells (48). Two longevity genes, ybeY and era, were 1 3 apparent that growing cells and growth-arrested cells had the same defect in 17S rRNA 3 2 0 processing ( Figure 6b ), but only the growth-arrested cells had a physiological phenotype. This 3 2 1 highlights a feature of at least some R. palustris longevity proteins, which is that they are 3 2 2 functional in growing cells as well as in non-growing cells, but it is only when the additional 3 2 3 demands of growth arrest on cellular functionality are imposed that essentiality becomes 3 2 4 apparent in growth arrest. Our work on Era and YbeY has led us to conclude that optimized 3 2 5
ribosomes are a feature of long-lived cells.
3 2 6 3 2 7
In early stationary phase and when in growth arrest, R. palustris synthesizes increasing 3 2 8 amounts of (p)ppGpp, indicating that cells mount a stringent response. The gene rpa2693, 3 2 9
which we call rsh rp , is among the genes identified by Tn-seq to be essential for longevity (17) reporter, we assembled a lacZ fragment and a hirR-P hirI fragment (67) into a pBBP plasmid 3 9 2 backbone (66) (SI Figure 2 ). The promoter P hirI responds specifically to PA-HSL signal (67). At 2 0
The authors declare no competing financial interests. Table   7 8 2 2), translation elongation factors (SI Table 2 ) and two previously identified longevity proteins (YbeY and Era). e: Translation elongation factors (SI Table 3 The standard is the internal standard of the RNA ScreenTape system used (Agilent). d: The 7 9 7 charged and uncharged species of tRNA trp are shown here with a representative Northern blot.
9 8
The aminoacylated (charged) and deacylated (uncharged) species of tRNA trp were separated 7 9 9 with an acid urea gel and probed with a tRNA trp probe. e: Quantification of the charged and gradient. In the growth-arrested cells, 30S, 50S and 70S ribosomes were clearly seen, though 8 3 5
the abundance of the 50S subunit is higher than that of WT. 
5 4
Antibiotics are added to growing cultures or five days after growth-arrest. Cm: chloramphenicol. 8 5 5
